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$EVWUDFW--,Q WKLV SDSHU D K\EULG 'LVFUHWH )UDFWLRQDO &RVLQH
7UDQVIRUP ')U&7 ZLWK 7LNKRQRY UHJXODUL]DWLRQ EDVHG 7XUER
0LQLPXP PHDQ VTXDUH HUURU 006( HTXDOL]DWLRQ ')U&7-
7XUER LV SUHVHQWHG WR VXSSUHVV LQWHU-FDUULHU LQWHUIHUHQFH ,&,
RYHUXQGHUZDWHUDFRXVWLFFKDQQHOV 8:$7KHVFKHPH LVEDVHG
RQ2UWKRJRQDO)UHTXHQF\'LYLVLRQ0XOWLSOH[ 2)'0 VFHQDULR
,Q DGGLWLRQ DQ RSWLPDO RUGHU VHOHFWLQJ PHWKRG IRU ')U&7 LV
GHYHORSHG E\ PD[LPL]LQJ FDUULHU WR LQWHUIHUHQFH UDWLR &,5 WR
8:$ FKDQQHO FKDUDFWHU 6LPXODWLRQ UHVXOWV VKRZ WKDW %(5
LPSURYHPHQW RI XS WR G%V RYHU WUDGLWLRQDO RUWKRJRQDO EDVHG
PHWKRGVZLWKPRGHUDWHFRPSOH[LW\ 
 
Keywords²Discrete Fractional Cosine Transform (DFrCT), 
carrier to interference ratio (CIR), Tikhonov regularization based 
Turbo Minimum mean square error (MMSE) equalization 
I. ,1752'8&7,21 
7KHUH DUH WZR PDLQ REVWDFOHV RI FRPPXQLFDWLRQ RYHU
XQGHUZDWHU DFRXVWLF FKDQQHO 8:$>@ VLJQLILFDQW WLPH
GHOD\VWKDWPD\UHDFKIUDFWLRQVRIVHFRQGVDQGVHYHUH'RSSOHU
VSUHDG PRELOH DWWULEXWHG WR KLJK PRELOH EHWZHHQ WUDQVPLWWHU
DQG UHFHLYHU  $Q LQFUHDVH LQ WKH QXPEHU RI VXEFDUULHUV LQ
2)'0V\VWHPVFRQWULEXWHVWRDGHFUHDVHRIVXEFDUULHUVSDFLQJ
EDQGZLGWK &RQVHTXHQWO\ VXFK VFKHPHV DUH VXEMHFW WR VXIIHU
IURP ORVV RI RUWKRJRQDOLW\ RI VXEFDUULHUV FDXVHG E\ KLJKO\
'RSSOHU VSUHDG FRQWULEXWLQJ WR ,QWHU-&DUULHU-,QWHUIHUHQFH
,&,>@5HVHDUFKKDVIRFXVHGRQWKHVXSSUHVVLRQRI,&,ZLWK
ORZFRPSOH[LW\ZKLFKFDQEHGLYLGHGLQWRSULRU))7DQGSRVW
))7 PHWKRGV UHVSHFWLYHO\ >@ 3RVW ))7 PDLQO\ GHDO ZLWK
HTXDOL]DWLRQ WHFKQLTXHV %\ H[SORULQJ WKH EDQG QDWXUH RI
IUHTXHQF\ FKDQQHO PDWUL[ EORFNEDQG006( %006( DUH
XVHG>@LQZKLFKV\PEROVDUHMRLQWO\HTXDOL]HGLQDEORFNDQG 
LWV FRPSOH[LW\ LV OLQHDU WR EORFN OHQJWK VXSHULRU WR WKDW RI
FRQYHQWLRQDO 006( JURZLQJ FXELFDOO\ LQ VXEFDUULHU
QXPEHUV 
%DVHG RQ %006( WKH SHUIRUPDQFH FRXOG EH IXUWKHU
LPSURYHG LQFRPELQDWLRQZLWK LQWHUIHUHQFHFDQFHOODWLRQVXFK
DVPD[LPXP-OLNHOLKRRGDQGGHFLVLRQIHHGEDFNDSSURDFKHV 
,WHUDWLYH GHWHFWLRQ DQG GHFRGLQJ WHFKQLTXHV ZHUH
LQWURGXFHGLQ>@->@VXFKDVWKHEORFNWXUERHTXDOL]HUEDVHG
RQWKHH[FKDQJHRIVRIWH[WULQVLFLQIRUPDWLRQ>PRVWRIWHQORJ-
OLNHOLKRRG UDWLRV //5V@ EHWZHHQ 006( HTXDOL]DWLRQ DQG
PD[LPXP D SRVWHULRUL SUREDELOLW\ 0$3 GHFRGHU %DQGHG
HTXDOL]DWLRQ ZLWK LWHUDWLYH GDWD GHWHFWLRQ KDV D VXSHULRU
UREXVWQHVVDJDLQVWHUURUVRIFKDQQHOHVWLPDWLRQZKLFKXVXDOO\
RFFXUVLQWKH8:$VFHQDULR>@->@ 
7R FRPSHWH ZLWK WKH GRXEO\ VHOHFWLYH ERWK WLPH DQG
IUHTXHQF\VHOHFWLYHQDWXUHRI8:$FKDQQHOVLQRXUSUHYLRXV
ZRUN >@ WKH FRQYHQWLRQDO ))7 GHPRGXODWLRQ LQ WKH 2)'0
ZDV UHSODFHGE\ WKH)UDFWLRQDO)RXULHU7UDQVIRUP )U)7 >@
ZKLFK WUDQVIRUPV WKH VLJQDO LQWR DQ LQWHUPHGLDWH GRPDLQ
EHWZHHQ WLPH DQG IUHTXHQF\ 'RXEO\ VHOHFWLYH FKDQQHO
UHVSRQVHZHUHVKRZQWREHFRQFHQWUDWHGLQWRQDUURZHUEDQGV
DOORZLQJ,&,LQDGMDFHQWVXEFDUULHUVWREHFRQFHQWUDWHGDURXQG
PDLQ GLDJRQDO RI FKDQQHO IUHTXHQF\ PDWUL[7KH )UDFWLRQDO
&RVLQH 7UDQVIRUP )U&7 EDVHGRQ WKH HLJHQ-GHFRPSRVLWLRQ
RI WKH'&7NHUQHO VKRZV DEHWWHU HQHUJ\ FRQFHQWUDWLRQ WKDQ
)U&7DQG))7ZLWKOHVVFRPSOH[LW\>@ 
,Q WKLV SDSHU D QRYHO EORFN WXUER 006( HTXDOL]DWLRQ
PHWKRG IRU 2)'0 VFHQDULR EDVHG RQ 'LVFUHWH )UDFWLRQDO
&RVLQH7UDQVIRUP')U&7FDOOHG')U&7-7XUERLVSUHVHQWHG
$QRSWLPDORUGHUVHOHFWLQJVFKHPHIRU')U&7LVSURYLGHG$W
WKH DQDO\VLV VWDJH D GRXEO\ VHOHFWLYH FKDQQHO VFHQDULR LV
VLPXODWHGDQGWKHUHVXOWVVKRZWKHVXSHULRUSHUIRUPDQFHRIWKH
')U&7-7XUER DSSURDFK FRPSDUHG WR FRQYHQWLRQDO WXUER
HTXDOL]DWLRQ DQG ')U)7-2)'0 0RUHRYHU WKH %(5
SHUIRUPDQFH LV IXUWKHU LPSURYHG E\ LQFRUSRUDWLQJ
FRQYROXWLRQDOHUURUFRUUHFWLRQFRGLQJ 
7KHUHPDLQGHURISDSHULVRUJDQL]HGDVIROORZV6HFWLRQ
SUHVHQWV WKH SURSRVHG ')U&7-7XUER EDVHG DOJRULWKP ZLWK D
')U&7-2)'0 EORFN D ORZ FRPSOH[LW\ EORFN WXUER
HTXDOL]DWLRQEDVHGRQ7LNKRQRYUHJXODUL]DWLRQDQGDQRSWLPDO
RUGHU VHOHFWLQJ VFKHPH ,Q VHFWLRQ  VLPXODWLRQ UHVXOWV DQG
GLVFXVVLRQVDUHUHSRUWHG6HFWLRQJLYHVDFRQFOXVLRQ 
EŽƚĂƚŝŽŶ͗ ,Q WKLV SDSHU WUDQVSRVH FRQMXJDWH DQG FRQMXJDWH
WUDQVSRVH DUH GHQRWHG DV ሾǤ ሿH?ǡ ሾǤ ሿכ DQG ሾǤ ሿH?UHVSHFWLYHO\݀݅ܽ݃ሼǤ ሽ GHQRWHV D GLDJRQDO PDWUL[ SURGXFHG E\ D YHFWRUሾǤ ሿH?ǡH?H[WUDFWV WKH ݅ WK URZ DQG ݆ WK FROXPQ HOHPHQW IURP D
PDWUL[ )LQDOO\ ൏Ǥ ൐H? LV WKH PRGXOR-1FDOFXODWLRQԡǤ ԡLQGLFDWHVWKH)UREHQLXVQRUP 
II. 6\VWHPPRGHO 
A. ')U&7-7XUER7UDQVFHLYHU 
7KH SURSRVHG ')U&7-7XUER V\VWHP VKRZQ LQ )LJXUH 
FRQVLVWV RI VHYHUDO EORFNV $W ILUVW VZLWFK  LV RSHQ DQG WKH
V\VWHP ZRUNV LQ RSWLPDO RUGHU VHOHFWLRQ PRGHO WR VHDUFK WKH
RSWLPDORUGHUહܗܘܜUDQJHIURP-WR$QLQLWLDORUGHURI±LV
XVHG7KHLQSXWVLJQDOVQLVSDVVHGWKURXJKFRQYHQWLRQDOUDWHò(&&DQGLQWHUOHDYHUPRGXOHV7KHHQFRGHGGDWDYHFWRULVWKHQ
WUDQVIRUPHG LQWR WLPH GRPDLQ XVLQJ DQ LQYHUVH ')U&7 RI
RUGHUȽ7KHVHSDUDWHSDUDOOHOGDWDVWUHDPVDUHWKHQFRQYHUWHG
WRDVHULDOGDWDDIWHUDGGLQJF\FOLFSUHIL[7KHVHULDO UHFHLYHG
GDWD VWUHDP LV FRUUXSWHG E\ D GRXEO\ VHOHFWLYH FKDQQHO ZLWK
DGGLWLYHZKLWH*DXVVLDQQRLVHQ7KHRXWSXWRIWKHFKDQQHOLV
IHG LQWR WKH ')U&7 RSWLPDO RUGHU VHOHFWLRQ PRGXOH 7KH
RSWLPDORUGHUહܗܘܜLVIHHGEDFNWRWUDQVPLWWHU7KHQWKHVZLWFK
 FORVH DQG WKH V\VWHP ZRUNV RQ HTXDOL]DWLRQ PRGHO WKH
UHFHLYHGVLJQDODWRSWLPDORUGHUહܗܘܜLVFRQYHUWHGWRDSDUDOOHO
GDWDVWUHDPZKLFKLVSURFHVVHGE\WKH')U&7DIWHUGLVFDUGLQJ
F\FOLF SUHIL[ 7KHQ WKH 7LNKRQRY UHJXODUL]DWLRQ EDVHG WXUER








JHQHUDOL]DWLRQ RI WKH FRVLQH WUDQVIRUP '&7 WUDQVIRUPHG D
IXQFWLRQ LQWR DQ LQWHUPHGLDWHG GRPDLQ EHWZHHQ WLPH DQG
IUHTXHQF\ DFFRUGLQJ WR WKH URWDWLRQ RI WLPH-IUHTXHQF\
GLVWULEXWLRQYLDDQJOHRURUGHU,QRXUSUHYLRXVZRUN>@WKH
')U&7 RI RUGHU LV H[SUHVVHG LQ PDWUL[ YHFWRU QRWDWLRQ DV
EHORZ ࢟ࢻ ൌ ࡲࢻ࢞ :KHUH ࢟ࢻ ൌ ሾݕఈሾ ?ሿǡ ݕఈሾ ?ሿ ǥ ݕఈሾܰ െ  ?ሿሿH? ࢞ ൌ ሾݔሾ ?ሿǡ ݔሾ ?ሿ ǥ ݔሾܰ െ  ?ሿሿH? 
DQG ۴હ LV WKH 1 SRLQW )UDFWLRQDO &RVLQH 7UDQVIRUP PDWUL[6LPLODUO\WKHLQYHUVH')U)7LVZULWWHQDV ࢞ ൌ ࡲࢻࡴ࢟ࢻ ൌ ࡲH?ࢻ࢟ࢻ ,WUHSUHVHQWVRQHRIWKHPDLQFRPSRQHQWVRIWKHSURSRVHG
DOJRULWKPDQGLVGHVFULEHGLQWKHQH[WVHFWLRQ 
 
C. 'LVFUHWH )UDFWLRQDO &RVLQH 7UDQVIRUP ')U&7 2)'0
V\VWHP 
7KH ')U&7 EDVHG 2)'0 V\VWHP UHSODFHV ERWK WKH
'LVFUHWH )RXULHU ')7 DQG LQYHUVH 'LVFUHWH )RXULHU
7UDQVIRUP ,')7 EORFNV E\ WKH ')U&7 DQG ,')U&7
UHVSHFWLYHO\7KHۼ܉-EORFNELQDU\VHTXHQFHPDSSHGE\%36.
FRQVWHOODWLRQ ࢙ ൌ ൣݏH?ǥ ݏH?ೌ൧ǡ ݏH?א H?H? ? LV DOORFDWHG LQWR 1VXEFDUULHUVYLDDELQDU\PDWUL[GHQRWHGDV ࡶ ൌ ቂ ?H?ೌH?ሺH?H?H?ೌሻȀ ࡵࡺࢇ  ?H?ೌ೉ሺಿషಿೌሻȀమቃH? ZKHUH૙ۺܠۻLV DQ /[0 GLDJRQDO ]HUR PDWUL[ DQG۷ۺLV DQ /[/LGHQWLW\PDWUL[ 
7KHQWKHVLJQDOPRGXODWHGE\WKH,')U&7LVFRUUXSWHGE\D
GRXEO\ VHOHFWLYH '6 FKDQQHO $IWHU UHPRYLQJ F\FOLFSUHIL[
WKHUHFHLYHGVLJQDO܀ܖLVH[SUHVVHGDV ࡾ࢔ ൌ ࡴ࢔࢙࢔ ൅ ࢜࢔ ൌ  ࡴ࢔ࡲH?ࢻࡶࢊ࢔ ൅ ࡲࢻ࢜࢔ ? ? ? 
ZKHUH ࡴ࢔ UHSUHVHQWV WKH WLPH GRPDLQ FKDQQHO PDWUL[FKDUDFWHUL]HGE\ ሾࡴ࢔ሿ࢏ǡ࢐ ൌ ቊ ݄ሾ݊ െ ܮ ൅ ݅ǡ ݅ െ ݆ሿ݅ ൒ ݆ǡ݄ሾ݊ െ ܮ ൅ ݅ǡ ܮ ൅ ݅ െ ݆ െ  ?ሿ݅ ൏ ݆ 
7KHUHFHLYHGVLJQDODIWHU')U)7GHPRGXODWLRQFDQEHWKHQ
H[SUHVVHGDV ࡾࢊࢌ ൌ ࡶࡴࡲࢻࡴ࢔࢙࢔ ൅ ࡲࢻ࢜࢔ 
ൌ  ࡶࡴࡲࢻࡴ࢔ࡲH?ࢻࡶࢊ࢔ ൅ ࡲࢻ࢜࢔  ࡶࡴࡴࢊࢌࡶࢊ࢔ࡲࢻ࢜࢔ ? ? 
$FFRUGLQJ WR WKH IUHTXHQF\ FKDQQHO PDWUL[ ࡴࢊࢌ ൌࡲH?ࢻࡴ࢔ࡲࢻǡLIWKHFKDQQHOLVWLPHLQYDULDQWࡴ࢔LVDFRQYROXWLRQDOPDWUL[ DQG WKH EDQG VWUXFWXUH RI ࡴࢊࢌ  WKHUHIRUH ZLOO EH
GLDJRQDO +RZHYHU WKH EDQG VWUXFWXUH RI ࡴࢊࢌ RYHU GRXEO\




WKH FRPSOH[LW\ JURZV OLQHDUO\ ZLWK WKH OHQJWK RI WKH 2)'0




'XH WR WKH IDFW WKDW WKH PDMRULW\ RI FRPSRQHQWV DUH
GLVWULEXWHGDURXQG WKHPDLQGLDJRQDOPDVNHGFKDQQHOPDWUL[
LV DSSOLHG WR UHGXFH WKH FRPSXWDWLRQDO FRPSOH[LW\ RI ۶܌܎ 
GHILQHGDV ࡮ ൌ ቊ ൣࡴࢌ࢓൧H?ǡH?H?H?H?H?ಿ ǡെ ܷ ൑ ݑ ൑ ܷ ?ǡ݋݄ݐ݁ݎݓ݅ݏ݁ ? ? ? 





$V PHQWLRQHG DERYH WKH RII-GLDJRQDO FRHIILFLHQWV
UHSUHVHQWLQJ,&,VSUHDGDURXQGWKHPDLQGLDJRQDORIࡴࢊࢌDQG
WKH DOORFDWLRQ RI LWV SRZHU FKDQJHV DFFRUGLQJ WR IUDFWLRQDO
RUGHU Ƚ RI ')U&7-2)'0 :KHQ WKH V\VWHP UHDFKHV LWV
RSWLPDORUGHU WKHFRHIILFLHQWVRQRUDORQJ WKHPDLQ GLDJRQDO
ZLOO EH ODUJHVW ZKLFK PHDQV QRQ-GLDJRQDO HOHPHQWV
FRQWULEXWHVWRWKHOHDVW,&,0HDQZKLOH LWPHDQVWKDW WKHVXE
FKDQQHO FDUULHU IUHTXHQFLHV YDULDWLRQ PDWFK WKH KLJK WLPH-
IUHTXHQF\GLVWRUWLRQRIWKHFKDQQHO,QWKLVSDSHUWKHVHDUFKRI
RSWLPDO RUGHU હܗܘܜ LV EDVHG RQ H[SORLWLQJ FDUULHU±WR-
LQWHUIHUHQFHUDWLR&,5GHILQHGDVIROORZV ࡯ࡵࡾ ൌ  ? ԡ࡮ሺ࢔ǡ࢔ሻԡ૛ࡺ࢔స૚ ? ԡ࡮ሺ࢔ǡ࢑ሻെ࡮ሺ࢔ǡ࢔ሻԡ૛ࡺ࢑స૚࢑ಯ࢔  ZKHUHࡴࢊࢌ LV UHSODFHG E\ WKH PDVNHG FKDQQHO PDWUL[࡮࢑ DV
PHQWLRQHG LQ 6XEVHTXHQWO\ WKH RSWLPDO RUGHU FDQ EH
HVWLPDWHGDVDPD[LPXP&,5SUREOHPDVIROORZV ߙH?H?H?ൌ ܽݎ݃൛ ሾ࡯ࡵࡾሿఈאሾH?H?ǡH?ሿH?H?H? ൟ 
7KH LWHUDWLYH VHDUFK DSSURDFK FDQ EH DSSOLHG ZLWKLQ WKH
UDQJH RI Ƚ IURP െ ? ?,W LV REYLRXV WKDW WKH VHOHFWLRQ RI







7XUER HTXDOL]DWLRQ LV D %D\HVLDQ LWHUDWLYH PHWKRG WKDW LV
REWDLQHGE\HVWLPDWLQJSULRU LQIRUPDWLRQ LQFOXGLQJ WKHPHDQࡹ ൌ ሾ࢓૚ ǥ ࢓ࡺሿDQG WKHDXWR-YDULDQFHࢂ ൌ ࢊ࢏ࢇࢍሾࣖ૚ ǥ ࣖࡺሿRIWKH V\PEROV ,QLWLDOO\ WKHUH LV QR SULRU LQIRUPDWLRQ VR ZH
DVVXPH IRUDOO WKHV\PEROV WKH OLQHDU006(HVWLPDWHRI WKHܖܜܐVXEFDUULHULVGHQRWHGDV ࢙ො࢔ ൌ ࢓࢔ ൅ ࡳ࢔ࡴሺࡾࢊࢌ െ ࡮ࡹሻ 
:KHUHWKHFRHIILFLHQWVRIܖܜܐVXEFDUULHULVGHQRWHGDV ࢍ࢔ ൌ ሺ࡮ࢂ࡮ࡴ ൅ ࢽࡵሻH?૚࢈࢑ࣖ࢔ ZKHUHߛGHQRWHVWKHLQYHUVHRIVLJQDOWRQRLVHUDWLR615- 




FRQWDLQHG LQ WKH 006( IRUPXOD LV VXEMHFW WR VLJQLILFDQW
QXPHULFDOHUURUVFRQWULEXWLQJWROHVVVWDEOHRIHTXDOL]DWLRQ,Q
RUGHU WR VROYH WKLV SUREOHP D7LNKRQRY UHJXODUL]DWLRQ EDVHG
006(DOJRULWKPLVSURSRVHGWRUHSODFHWKHLQYHUVHRI6LJQDO
WR QRLVH 615- UDWLR E\ LQYHUVHG PRGLILHG VLJQDO WR
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